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Formation of Multiple Hearts in Mice following
Deletion of -catenin in the Embryonic Endoderm
derm (AVE), which is distinct from the node and acts to
pattern the anterior neural plate (Beddington and Rob-
ertson, 1999). During development, visceral endoderm
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cells are induced to differentiate along the A/P axis.Germany
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gree of similarity. In general, morphogenetic movementsJapan
and cell fate specifications are regulated by members
of large families of signaling molecules such as TGFs,
BMPs, FGFs, and Wnts, which act from local sources
Summary in a temporally and spatially defined fashion via distinct
pathways (Beddington and Robertson, 1999).
Using Cre/loxP, we conditionally inactivated the Wnts are glycoprotein growth factors implicated in
-catenin gene in cells of structures that exhibit im- diverse developmental processes during embryonic
portant embryonic organizer functions: the visceral patterning such as mesoderm and A/P axis formation,
endoderm, the node, the notochord, and the definitive specification of cell fate, and cell polarity (Cadigan and
endoderm. Mesoderm formation was not affected in Nusse, 1997; Moon et al., 1997). The Wnt signal trans-
the mutant embryos, but the node was missing, pat- duction pathway has been extensively studied by genetic
terning of the head and trunk was affected, and no and biochemical methods and shown to be evolutionarily
notochord or somites were formed. Surprisingly, dele- highly conserved from hydra to higher vertebrates. A key
tion of -catenin in the definitive endoderm led to the player in the Wnt signaling cascade is -catenin, or in
formation of multiple hearts all along the anterior-pos- Drosophila, its homolog, Armadillo (Peifer et al., 1994).
terior (A/P) axis of the embryo. Ectopic hearts devel- Recent work has shown that besides the Wnt/-catenin
oped in parallel with the normal heart in regions of pathway, also called the canonical Wnt pathway, Wnt
ectopic Bmp2 expression. We provide evidence that signaling can diversify intracellularly into the Wnt/Ca2
ablation of-catenin in embryonic endoderm changes pathway, involving activation of PLC and PKC, and the
cell fate from endoderm to precardiac mesoderm, planar cell polarity pathway, involving JNK and cytoskel-
consistent with the existence of bipotential mesen- etal rearrangements (Huelsken and Birchmeier, 2001).
dodermal progenitors in mouse embryos. In the canonical Wnt/-catenin pathway, activated
Frizzled receptors acting together with several cofactors
and antagonists lead to a cytoplasmic stabilization ofIntroduction
-catenin and its translocation to the nucleus, where it
interacts with members of the LEF/TCF family of tran-At the time of implantation, the mouse embryo already
scription factors and activates gene expression (Molen-has a proximal-distal polarity in the egg cylinder, which
aar et al., 1996; Behrens et al., 1996; Huber et al., 1996).is subsequently converted into the anterior-posterior
Direct transcriptional target genes of the Wnt/-catenin(A/P) axis during gastrulation to establish the mature
pathway during early mouse development include the
body plan (Beddington and Robertson, 1999; Lu et al.,
gene for the mesodermal transcription factor Brachyury
2001). Several signaling centers, including the extraem-
(Yamaguchi et al., 1999; Arnold et al., 2000) and the
bryonic ectoderm, the primitive visceral endoderm, and homeobox gene Cdx1 (Lickert et al., 2000).
the node, pattern the embryo proper and generate the Classical gene targeting experiments have demon-
three germ layers in a temporally and spatially coordi- strated that inactivation of -catenin results in early gas-
nated fashion. Reciprocal interactions between the ex- trulation lethality, with lack of mesoderm formation and
traembryonic ectoderm and the proximal epiblast play loss of Brachyury expression (Haegel et al., 1995). In a
a role in posterior epiblast patterning and mesoderm more refined analysis of -catenin-deficient embryos, a
induction (Brennan et al., 2001). Recent studies empha- block in A/P axis formation and head development was
size the organizer activities of the anterior visceral endo- observed, suggesting that -catenin has a signaling
function during primitive streak formation in the mouse
analogous to that in Xenopus and zebrafish (Huelsken4 Correspondence: kemler@immunbio.mpg.de
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et al., 2000). These results, together with those of Wnt3
ablation (Liu et al., 1999) and other genetic manipula-
tions of the mouse gastrulation embryo (Zeng et al.,
1997; Popperl et al., 1997), provided strong evidence
for the involvement of the Wnt pathway in establishing
the initial A/P axis and patterning posterior structures
in the streak.
To decipher in more detail the role of Wnt/-catenin
signaling in early patterning of the mouse embryo, we
undertook a conditional gene inactivation scheme for
-catenin using the Cre/loxP system and Cytokeratin
19-Cre (K19-Cre) mice in a knockin strategy whereby
the bacterial Cre recombinase is under the control of
K19 regulatory sequences (Harada et al., 1999). Cytoker-
atin 19 is the smallest type I intermediate filament protein
(40 kDa) and its expression has been well studied during
development and in adult tissues by mRNA and protein
analysis (Jackson et al., 1980; Franke et al., 1983; Boller
et al., 1985; Lussier et al., 1989). Relevant in the present
context, Tamai and coworkers (2000) inactivated Cyto-
keratin 19 (which is viable) using a targeting vector con-
taining the bacterial lacZ gene downstream of the K19
promoter. Monitoring of-galactosidase expression has
provided good information about the sites of K19 ex-
pression during early development and thus about the
cells in which K19-Cre recombinase deletes -catenin.
Cytokeratin 19 is weakly expressed in day 6-embryos
(E6.0) in trophectodermal cells of the blastocyst and in
the ectoplacental cone. Despite this early K19 promoter-
driven Cre expression, we obtained mutant embryos up
to E8.0 of development in the expected Mendelian ratio.
At egg cylinder stage (E5.5–E6.5), K19-Cre is expressed
in the extraembryonic endoderm. Based on the lacZ
expression detected, strong Cre expression and thus
efficient deletion of -catenin was expected at the primi-
tive streak stage in the APS, the node, and the noto-
chordal plate, and subsequently in endodermal cells in
the forming foregut and hindgut pockets. We found that
at the early gastrulation stage the A/P patterning
changed and no distinct node was detected. More dra-
matic morphological changes appeared during dorsal-
ventral (D/V) patterning, notably in the formation of the
notochord and somites. During primitive gut formation,
multiple hearts were generated along the A/P axis of
the mutant embryo. Our results indicate that when
Figure 1. Cytokeratin 19-Cre-Induced Deletion of -catenin Affects
Head and Trunk Organizer
(A) Hematoxylin/eosin (H&E)-stained sagittal sections of wt and
-catenin mutant embryos at E6.25.
(B) In situ hybridization with cRNA of Cerr1 on sections adjacent to
those in (A), revealing a deficiency in the anterior migration of vis-
ceral endoderm cells in E6.25 mutant embryos.
(C–E) Whole-mount in situ hybridization analysis of wt and -catenin
mutant embryos at late gastrulation (all in lateral view, anterior to
the left).
(C) Brachyury (T) marks all mesoderm in wt embryos at late-streak
stage. Brachyury is also expressed in mutant embryos except in
the anterior primitive streak (APS; arrows) and notochord.
(D) Noggin (Nog) is not expressed in node cells of mutant embryos
at neural plate stage.
(E) Sonic hedgehog expression at headfold stage, marking node and
notochord in wt embryos but only residual notochord in -catenin
mutant embryos (arrows).
-Catenin Deletion in Embryonic Endoderm
173
Figure 2. Definitive Endoderm Formation Is Affected in -Catenin Mutant Embryos
(A–C) Whole-mount in situ hybridization analysis of wt and -catenin mutant embryos with the indicated probes. All embryos are depicted in
a lateral view, anterior to the left.
(A) Cerr1, indicative of the anterior definitive endoderm (ADE) in wt embryos, is absent in the distal ADE in mutant embryos (arrows) and the
most proximal region at late-streak stage.
(B) Hex mRNA is absent in ADE but present in the extraembryonic region of mutant embryos at neural plate stage.
(C) The expression of Gata4 shows that visceral endoderm is anteriorly displaced into the extraembryonic region in both wt and mutant neural
plate stage embryos.
(D) Dkk1 expression in the wt embryo at E8.5, marking the neural epithelium (ne), foregut (fg), and hindgut (hg) endoderm, and head mesenchyme
(hm). In mutant embryos, only neural epithelium and (weakly) hindgut endoderm were positive for Dkk1.
-catenin is absent, endodermal cells change their cell observed at E6.25 (Figure 1A). K19-Cre is weakly ex-
pressed in the visceral endoderm before gastrulationfate toward a precardiac mesodermal lineage.
and streak formation, and thereafter expression be-
comes enhanced in the anterior primitive streak, theResults
node, and the notochord (Tamai et al., 2000). At E6.25,
mislocation of Cerberus-related (Cerr1)-positive visceralCompound heterozygotes for -catenin flox and floxdel
endodermal cells was observed in the -catenin mutantalleles and carrying the K19-Cre allele were generated
(Figure 1B) and similar results were obtained for Hex(hereafter termed -catenin mutant), while littermates
expression (not shown). Although some of the visceralwhich inherited some but not all of the above alleles
endodermal cells positive for Cerr1 and Hex migratedserved as controls (termed wild-type; wt). At blastocyst
toward the future AVE region, most of the positive cellsand early postimplantation stages, -catenin mutant
clustered at the distal tip of the egg cylinder. Theseembryos exhibited normal morphology up to E6.25 (Fig-
results were a first indication of impaired formation of theure 1A). Mutant embryos were recovered in a Mendelian
AVE region with its head organizer activity in -cateninratio at E8.0, but thereafter the ratio decreased progres-
mutant embryos before gastrulation. It has been shownsively, and at E10.5 all mutant embryos were dead.
that AVE cells have an intrinsic property to migrate ante-Mutants that arrested earlier had a constriction at the
riorly (Kimura et al., 2000), which is apparently affected
embryonic-extraembryonic junction (not shown), a phe-
in -catenin mutant embryos. Although expression of
notype similarly observed at low frequency in mutants
the mesoderm-specific transcription factor Brachyury
affecting visceral endoderm, such as Foxa2 (Dufort et
indicated that mesoderm was formed in the mutant em-
al., 1998) and Otx2 (Rhinn et al., 1998).
bryos (Figure 1C), mesoderm did not extend into the
anterior streak as in controls and no Brachyury expres-
Lack of -Catenin Affects Head sion was detected in the node (Figure 1C, arrows). No
and Trunk Organizer morphologically distinct node was observed in the mu-
Embryos were analyzed histologically and for marker tant, consistent with the absence of Noggin (Figure 1D)
gene expression from E6.25 to E7.5. No histological dif- and Goosecoid expression (not shown). Sonic Hedge-
hog (Shh), which is also normally expressed in the node,ferences between mutant and control embryos were
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was also absent in this region in the -catenin mutant extraembryonic sac filled with angiogenic clusters was
found, indicating that extraembryonic tissues were alsoembryo, but some remaining Shh activity was occasion-
ally detected in the notochord (Figure 1E, arrows), likely affected (Figures 3B and 3C).
During normal development, precursors of the cardiacdue to some heterogeneity in Cre expression. Together,
these results indicated that removal of -catenin func- mesoderm migrate in contact with presumptive anterior
endoderm into the lateral plate to form the future hearttion in K19-Cre-expressing cells during early gastrula-
tion to streak formation did not affect mesodermal germ (Marvin et al., 2001). Histological examination of mutant
embryos at E8.5 (Figure 3D) revealed heart primordialayer formation, but subsequently no node was formed
and no head organizer was discernible. No increased in the posterior region of the embryo in the vicinity of
endodermal cells (Figures 3F, 3H, and 3H). These ec-apoptosis in -catenin mutant embryos was observed
by TUNEL assays (not shown). topic heart primordia were morphologically similar to
the normal heart primordium of the mutant embryo (Fig-To determine whether -catenin mutant embryos de-
velop definitive endoderm, which apparently expresses ure 3G). These findings might reflect (1) the failure of
precardiac mesodermal cells to migrate to the anteriorK19-Cre (Tamai et al., 2000), we tested mutant and wt
E7.5 embryos for expression of the endodermal marker region; (2) local inductive events in the posterior region
leading to heart formation from posterior mesoderm; orgenes Cerr1, Hex, and Gata4. At late-gastrulation stage,
expression of Cerr1 in mutant embryos did not extend (3) a change in cell fate by endodermal cells due to the
deletion of -catenin. Several experiments were con-anteriorly (Figure 2A) and was absent in the node region
(Figure 2A, arrows). Unlike wt, mutant embryos revealed ducted to distinguish between these possibilities.
At E7.75 the expression of Nkx-2.5, one of the earliestno Hex expression in the prospective definitive endo-
derm of neural plate stage embryos (Figure 2B). Since markers for precardiac mesoderm, was comparable in
mutant and control embryos (Figure 4A), suggesting thatHex is expressed in both visceral and definitive endo-
derm, the expression of Gata4, which is specific for the anterior migration of precardiac mesodermal cells
was not affected in the mutant. However, soon thereaftervisceral endoderm at E7.5, was analyzed. As seen in
Figure 2C from the Gata4 expression, the visceral endo- (E8.5), additional regions of Nkx-2.5 expression were
detected in mutant embryos (Figure 4B), indicating aderm is clearly displaced into the extraembryonic region
in both wt and mutant embryos during gastrulation rather early appearance of new precardiac mesoderm
at ectopic locations. Moreover, when E8.0 embryos weremovement. Thus, visceral endoderm in the -catenin
mutant embryos must be displaced by cells other than sectioned and hybridized in situ to detect Bmp2 expres-
sion, ectopic precardiac mesoderm cells positive forthe anterior definitive endoderm.
In normal embryos, Dickkopf1 (Dkk1) expression was Bmp2 were seen in the posterior part of the embryo and
in the node region (Figure 4C). These results providefound mainly in the head region and the developing
foregut and hindgut (Figure 2D). The neuroectoderm was compelling evidence that the ectopic cardiac primor-
dium is formed in parallel with the normal one in thepositive for Dkk1 in -catenin mutant embryos, indicat-
ing that the neural plate was formed. However, Dkk1 mutant embryo.
expression was greatly reduced in the definitive endo-
derm, with only weak expression in the hindgut region
(Figure 2D). Thus, embryonic endoderm formation ap- Lack of -Catenin Changes the Endodermal
Cell Fatepears to be drastically altered in -catenin mutant em-
bryos. To distinguish whether local induction events or cell fate
decisions are affected in the -catenin mutants, the cell
fate of -catenin mutant endodermal cells was ad-Lack of -Catenin Leads to Ectopic
dressed in two sets of experiments. First, morula aggre-Heart Formation
gations between lacZ-marked ROSA26 (Friedrich andBetween E8.5 and E9.5, when K19-Cre is expressed
Soriano, 1991; Zambrowicz et al., 1997) and -cateninin the primitive gut and notochord, -catenin mutant
mutant embryos were carried out. In control aggrega-embryos exhibited growth retardation, axis truncation,
tions between wt and ROSA26 morulae, both partnersand most strikingly, the presence of multiple hearts
mixed well and both participated in the formation of thealong the A/P axis (Figure 3A). These hearts, which de-
neural tube, somites, node, and hindgut (Figures 5Aveloped in close vicinity to remaining endoderm (Figures
and 5B). A similar intermixing was obtained between3B and 3C), were beating and morphologically identical
ROSA26 and -catenin mutant embryos (Figures 5D andto the normal heart, with a well-developed atrium and
5E). These chimeras also formed a neural tube and someventricle, and were filled with red blood cells. Serial
somites, mostly in the anterior region of the embryossections through ectopic hearts revealed the presence
(not shown), while the posterior region contained noof endocardial and myocardial layers, as well as the
discernible somites and the neural tube had not invagi-expression of region-specific heart markers such as Irx4
nated properly (Figure 5E). More importantly, clustersand HRT1 (not shown). Histological examination of the
of cells appeared in the endoderm cell layer that mor-mutant embryos indicated the absence of an intact gut
phologically resembled precardiac mesodermal cells.tube and, remarkably, of somites. Occasionally, a few
These cells were derived from -catenin mutant cellssomites were observed in some mutant embryos, indi-
(being lacZ negative) and stained positively for F-actincating variability in Cre expression. Although head struc-
(Figure 5F). In a second set of experiments, embryonictures had developed, the neuroectoderm was poorly
stem cells (ES cells) of -catenin mutant genotype wereorganized; there were no rhombomeres, the spinal cord
had a kinky shape, and the neural tube was bent. An established (Figure 6A). Upon differentiation in vitro,
-Catenin Deletion in Embryonic Endoderm
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Figure 3. -Catenin Mutant Embryos Show Severe Axis Truncation and Form Multiple Hearts
(A and D) Comparison of wt and mutant embryos at E9.5 (A) and E8.5 (D) demonstrates abnormal development in the posterior region, lack
of anterior induction, and ectopic heart formation in mutant embryos (arrows in [A]). Embryos are depicted in a lateral view, anterior to the left.
(B and B) H&E-stained sagittal sections of the mutant embryo shown in (A). Note the extraembryonic blood-filled sac next to the heart, the
severe defects in D/V patterning of the ectoderm, and the absence of an intact gut tube.
(B) Region marked in (A) shows multiple heart formation with atrium (a) and ventricle (v) and well-defined myocardial (arrowhead) and
endocardial (arrow) cell layer.
(C) Schematic overview of 20 adjacent sections. Remarkably, no somites were formed in the mutant embryo, and ectopic hearts formed
juxtaposed to remaining, mislocated gut endoderm.
(E–H) Midsagittal sections of wt (E) and mutant (F) embryos at E8.5. The anterior and posterior parts of the mutant embryo in (F) are magnified
in (G) and (H), respectively. The heart-forming region (hfr) and headfold (hf) are indicated (G). The region of the normal heart primordium (hp)
is marked with a line. Arrows indicate the remaining foregut endoderm (fgd).
(H) Accumulation and malformation of the embryonic ectoderm (eec) in the posterior region of the mutant embryo. Arrows indicate the
outermost endodermal cell layer in close vicinity to ectopic heart primordium (ehp), which is magnified in (H).
they showed efficient deletion of -catenin in K19-posi- in the embryonic endoderm changes the cell fate of
endodermal cells to precardiac mesoderm.tive cells (Figure 6B, arrow). In chimeric embryos be-
tween wt ES cells and ROSA26 morulae, both partners
intermixed well and wt ES cells colonized the three germ
Discussionlayers at headfold stage (Figure 6C, arrows). In contrast,
-catenin mutant ES cells were only occasionally found
Accumulating evidence underlines the importance of thein the definitive endoderm, which was largely composed
Wnt/-catenin signaling pathway in A/P patterning andof X-gal-stained ROSA26 derivatives (Figure 6D,
axis formation of the vertebrate embryo (Yamaguchi,arrows). Mutant ES cells ↔ ROSA26 chimeric embryos
2001). Since lack of -catenin induces early gastrulationat E9.5 were sectioned and stained for F-actin and
lethality (Haegel et al., 1995; Huelsken et al., 2000), we-catenin. The endoderm cell layer in these embryos
conditionally inactivated the -catenin gene in cells ofcontained cell clusters which were not of ROSA26 origin
structures known to exhibit important organizer func-and were positive for F-actin but negative for -catenin
tions, such as the anterior visceral endoderm, the node,(Figure 6E, arrows). Taken together, the chimeric analy-
ses provide strong evidence that deletion of -catenin the notochord, and the definitive endoderm. We found
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that deleting the -catenin gene in these structures in
the course of development affects the signaling function
and even the formation of these embryonic organizers.
Although -catenin mutant embryos exhibited several
morphological alterations, some of which were likely
to be secondary, the two major consequences of the
deletion of -catenin were on head and trunk organiza-
tion and the cell fate of the definitive endoderm.
-Catenin and Early Embryonic Patterning
Mesoderm formation and expression of Brachyury were
not affected in the -catenin mutant embryos, in con-
trast to the observations in classical -catenin gene
inactivation experiments. However, mesodermal cells
did not receive the appropriate signal from the node
to form axial mesoderm. Because node formation was
impaired and because of the deletion of -catenin in
the AVE region, patterning of the head and trunk was
affected in the mutant embryos. These results support
the notion that the Wnt/-catenin signaling pathway
controls the organizer function during D/V and A/P pat-
terning (Beddington and Robertson, 1999). In addition,
similar to our -catenin conditional mutant phenotype,
the node, axial mesoderm, and definitive endoderm
were absent in gene-targeting studies in which compo-
nents of the Nodal signaling pathway, such as Nodal,
FoxH1, Foxa2, or Arkadia, were ablated (Hoodless et
al., 2001; Episkopou et al., 2001). The loss of structures
in the anterior midline and the effects in the D/V pat-
terning in these Nodal signaling mutants and the resem-
blance to the -catenin mutant reported here strongly
argue that the Wnt/-catenin and Nodal signaling path-
ways in combination control the organizer function. The
lack of expression in both sets of mutants of marker
genes for axial mesoderm (Shh, Brachyury), node
(Chordin, Noggin, HNF3), and anterior endoderm (Hex,
Cerr1) supports this argument.
In contrast to the Nodal signaling mutants, in the
-catenin mutant no somites were formed. The lack of
paraxial mesoderm in the -catenin mutant is likely due
to the deletion of -catenin in the anterior primitive
streak and the node, which are thereby unable to induce
head and trunk structures. In agreement with this work,
in Xenopus the function of -catenin in establishing the
primary body axis has been demonstrated (Harland and
Gerhart, 1997), and a previous study using -catenin
classical knockout mouse embryos concluded that the
Figure 4. In Situ Analysis of WT and Mutant Embryos with cRNA of lack of regionalization in the visceral endoderm affects
Nkx-2.5 and Bmp2 AVE and subsequent A/P axis formation (Huelsken et al.,
All embryos are depicted in a lateral view, anterior to the left, except 2000). Eliminating -catenin likely affects the signaling
the mutant embryo in (B), which is shown in a frontal-ventral view. function of this protein, with no or minimal compromise
(A) In both wt and mutant embryos, Nkx-2.5-positive precardiac
of intercellular adhesion; immunohistochemical analysismesoderm cells migrate anteriorly at E7.75.
of E7.0 -catenin mutant embryos indicated that plako-(B) At E8.5, Nkx-2.5 marks the primitive heart tube in the wt embryo.
globin can substitute for the lack of -catenin in cell adhe-Although the cardiac crescent has formed in the mutant embryo,
an ectopic Nkx-2.5 expression domain is seen posteriorly. sion (not shown), consistent with previous data (Huel-
(C) Serial sections through a mutant embryo, alternatively H&E sken et al., 2000).
stained or analyzed for Bmp2 expression at E8.0. Midsagittal sec-
tions (sec. 12 and 13) mark a normal expression pattern of Bmp2
-Catenin and the Fate of Endodermal Cellsin the allantois (al) and the mesodermal cells of chorion (chm) and
Like mutants of the Nodal signaling pathway, theamnion (amm), in anterior promyocardium and posterior mesoderm
(arrows; anterior to the left). More lateral sections show ectopic -catenin mutant showed defects in the formation of the
Bmp2 expression in presumptive node derivatives (ndd; sec. 30) definitive endoderm. The mesendoderm inducer Nodal,
adjacent to a region with an ectopic heart primordium (ehp; sec. 28). through the transcription factor Smad2 and its interac-
tion partner FoxH1, activates the endoderm-specific
-Catenin Deletion in Embryonic Endoderm
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Figure 5. Lack of -Catenin in the Endoderm
Leads to Cell Fate Change to Precardiac
Mesoderm
ROSA26 morulae, ubiquitously expressing
the lacZ gene, were aggregated with wt (A–C)
or mutant (D–F) morulae. Embryos at E8.5
were stained for -galactosidase. Serial sec-
tions are shown (B, C, E, and F) through the
indicated level in (A) and (D), which were ei-
ther counterstained with nuclear fast red (B
and E) or stained for F-actin (C and F).
(B) The transverse section through the poste-
rior region from wt ↔ ROSA26 aggregates
shows normal neural tube (nt) invagination,
with underlying notochord (nc). The somites
(so) and hindgut (hg) are well formed.
(C) A wt ↔ ROSA26 chimera showing no de-
tectable muscle F-actin staining because the
somites were not yet differentiated into
myotome.
(E) In comparison, the transverse section
through a mutant↔ROSA26chimera shows a
flat neural plate (np) and no somite formation.
Additionally, the gut epithelium is not contin-
uous and is interspersed with mutant (lacZ-
negative) cells, which have the characteristic
morphology of cardiac myocytes (inset
shows high magnification of the indicated
region).
(F) In contrast, the morphologically distinct
mutant cells were strongly positive for muscle
actin (see inset).
forkhead protein Foxa2. The inactivation of each of these These results are consistent with data provided in
other experimental systems. In the nematode C. ele-four genes results in the loss of endoderm (Tremblay et
al., 2000; Hoodless et al., 2001). Thus, the Nodal signal- gans, the embryonic bipotential mesendodermal cell
(EMS) generates the endodermal (E) and mesodermaling pathway controls the induction of primary endo-
derm. Deletion of -catenin also affects endoderm for- (MS) precursors. E cell descendants form the gut, and
MS cells give rise to the anterior pharynx, a structuremation. However, in contrast to the Nodal signaling
mutants, which have no endoderm but in which no other analogous to the vertebrate heart. Genetic evidence has
demonstrated the importance of Wnt signaling in EMScell type is formed instead, the -catenin mutant devel-
oped multiple heart primordia. This unexpected effect cell polarization, and inactivation of components of the
Wnt signaling pathway leads to enhanced mesodermmight rest in cell-autonomous or cell-instructive events,
or both. Our data point to a change in the cell fate of formation (Thorpe et al., 1997, 2000; Rocheleau et al.,
1997). A role for -catenin signaling in the specificationprospective endodermal cells into precardiac mesoder-
mal cells upon deletion of -catenin. Assuming the exis- of endoderm has also been described in ascidian em-
bryos (Imai et al., 2000). In zebrafish, mutations in Gata5tence—as in other species—of a bipotential mesendo-
dermal progenitor cell in the higher vertebrate embryo (faust) result in the loss of endodermal and cardiomes-
odermal cells, while overexpression of Gata5 generatesand assuming that K19-Cre begins to delete -catenin
in the bipotential mesendodermal cell, early and efficient more endoderm and ectopic hearts (Reiter et al., 1999).
This also argues for a bipotential mesendodermal celldeletion of -catenin would change the cell fate of endo-
derm to precardiac mesoderm. We indeed observed Cre marked by Gata5 in fish development. Mesodermal and
endodermal cells emerge from a similar region of theexpression in the anterior streak region where bipoten-
tial mesendodermal progenitor cells are assumed to gastrulating embryo in fish and mouse (Tam and Bed-
dington, 1987; Tam, 1989; Lawson et al., 1991; Wargaarise (Tamai et al., 2000). The residual endoderm forma-
tion can be explained by some heterogeneous delay and Nusslein-Volhard, 1999). A mesendodermal progen-
itor for these cell lineages is likely to exist in higherin Cre expression in some cells. Our chimeric embryo
analysis with -catenin mutant ES cells clearly points vertebrates (for a review, see Rodaway and Patient,
2001). By genetically manipulating -catenin expres-to a change of cell fate, since cells engaged in endoderm
differentiation and integrated in the endodermal cell sion, we provide direct evidence for a bipotential mesen-




Figure 6. Chimeric Embryos with -Catenin
Mutant ES Cells
(A) PCR genotyping of -catenin mutant ES
cells; fl, flox; fd, floxdel alleles of -catenin.
(B) In vitro differentiation of control and mu-
tant ES cells induced with 0.1 M retinoic
acid overnight and localization of K19 (green)
and -catenin (red) by immunofluorescence
microscopy. In mutant ES cells the K19-posi-
tive cells (arrow) are negative for -catenin.
(C) Chimeric embryos between wt ES cells
and ROSA26 morulae show that wt ES cells
colonized the three germ layers at headfold
stage (arrows indicate the X-gal-stained
ROSA26 cells).
(D) Chimeric embryos between -catenin mu-
tant ES cells and ROSA26 morulae demon-
strate that the mutant ES cells participate
poorly in the formation of the definitive endo-
derm, which is largely composed of ROSA26
cells (arrows).
(E) Section of X-gal-stained mutant ES cell↔
ROSA26 chimeric embryo at E9.5. Double im-
munostaining was carried out with both F-actin
and -catenin antibodies. The F-actin stain-
ing shows mutant ES cells (gold, red arrow)
intermingled with ROSA26 endodermal cells
(blue, red arrowheads); the latter are positive
for -catenin (arrowheads), while mutant cells
are negative (arrows).
-Catenin and Heart Morphogenesis and that Bmp2 expression in the anterior mesoderm is
necessary for heart formation (Zhang and Bradley,In all vertebrates, the myocardial progenitors arise bilat-
erally within the anterior portion of the lateral plate 1996). Recently, it was shown in the chick embryo that
administration of the exogenous Wnt inhibitors Crescentmesoderm. The cardiac mesoderm precursors are in
close contact with presumptive anterior endoderm and Dkk1 to the posterior lateral plate mesoderm, which
normally forms blood, induces heart muscle formationthroughout their migration from the streak into the lateral
plate, and anterior endoderm is required for cardiac (Marvin et al., 2001). From those results, the authors
proposed that inhibition of Wnt signaling is required forspecification (Nascone and Mercola, 1995). The diverse
aspects of cardiac morphogenesis involve many levels cardiogenesis and that heart formation is induced in an
embryonic region of high-Bmp and low-Wnt activity. Ourof genetic regulation, and studies from several animal
models have identified key regulators for cardiac pat- results support this view, since we observed ectopic
Bmp2 expression when we inhibited the Wnt/-cateninterning and morphogenesis (Fishman and Chien, 1997).
It is generally accepted that cardiac mesoderm forma- signaling pathway, although our experimental approach
differs from that used by Marvin et al. (2001) and maytion is promoted by signals from the anterior endoderm
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determined by whole-mount -galactosidase staining and subse-reveal different molecular mechanisms. Marvin and co-
quent histological analysis of nuclear fast red-counterstained 4 mworkers exposed preformed posterior lateral plate
paraffin sections.mesoderm to exogenous Wnt inhibitors and thus in-
duced heart muscle through instructive signals by mim-
-Galactosidase and Immunostaining of Chimeric Embryos
icking anterior endoderm specification. We do not know All steps were performed at room temperature unless otherwise
yet whether instructive signals were also involved in the noted. Embryos were fixed for 45 min in PBS containing 5 mM EGTA
formation of the ectopic hearts. We note that ectopic (pH 8.0), 2 mM MgSO4, and 4% paraformaldehyde, rinsed for 30
min in PBS containing 5 mM EGTA (pH 8.0) and 2 mM MgCl2, andhearts frequently developed close to remnants of em-
rinsed for 5 min in PBS containing 5 mM MgCl2, 0.01% Na desoxy-bryonic endoderm, which may have developed due to
cholate, and 0.02% NP-40. Embryos were stained overnight at 37Cheterogeneous and/or low-level expression of K19-Cre
in PBS containing 1 mg/ml X-gal, 2 mM MgCl2, 5 mM K3Fe(CN)6, 5in the forming endoderm. Although it remains unclear mM K4Fe(CN)6, 0.01% Na desoxycholate, and 0.02% NP-40. Sam-
whether posterior lateral plate mesoderm participated ples were rinsed in PBS and postfixed in 4% paraformaldehyde in
in the formation of ectopic hearts, the ectopic hearts PBS at 4C. After whole-mount -galactosidase staining, chimeric
embryos were photographed, dehydrated through an ethanol series,could not have emerged solely from lateral plate meso-
and embedded in paraffin. Paraffin blocks were sectioned at 4 m,derm. Our chimeric embryo analysis clearly points to a
and sections were mounted onto glass slides, dewaxed, and coun-cell-autonomous event with an early change of cell fate
terstained with nuclear fast red or immunostained with antibodies
from endodermal to precardiac mesodermal cells. directed against -catenin (1:50, polyclonal serum; Upstate Biotech-
nology #06-734), plakoglobin (anti-D15A, 9 g/ml, polyclonal serum;
Experimental Procedures Butz and Kemler, 1994), and F-actin (1:250, mouse monoclonal anti-
bodies; Cedarlane #CLT9001). To block endogenous peroxidase
Generation of Mutant Mice and Genotyping activity, samples were incubated in TBS (10 mM Tris-HCl [pH 7.5]
Cytokeratin 19 (K19) promoter-driven Cre mice (K19-Cre) were pre- and 150 mM NaCl) containing 0.1% H2O2 for 20 min in the dark.viously generated by a knockin of the Cre recombinase gene into After repeated washes in TBS, samples were incubated for 30 min
the ATG translation initiation codon into exon 1 of K19 (Harada et with primary antibodies diluted in TBS, washed again, and incubated
al., 1999). The -catenin floxed (flox) allele and the -catenin floxed with peroxidase- or fluorescein-conjugated secondary antibodies
deleted (floxdel) allele have been used to conditionally inactivate for 30 min. Immunoreactivity was detected by DAB staining (Sigma)
-catenin using the Cre/loxP recombination system (Brault et al., or fluorescence microscopy (Zeiss Axioskop).
2001). In the mating scheme devised in our study, only one floxed
allele must undergo recombination for the tissue-specific inactiva-
In Situ Hybridization and Histologytion of -catenin. Accordingly, here K19-Cre mice were mated with
For histology, embryos were fixed in 4% paraformaldehyde in PBS,-catenin floxdel mice and the offspring which inherited both alleles
dehydrated through an ethanol series, and embedded in paraffin.were crossed with homozygous -catenin flox mice; a quarter of
Paraffin blocks were sectioned at 4 m, mounted onto glass slides,the offspring was positive for K19-Cre together with one flox and
dewaxed, and stained with hematoxylin and eosin. In situ mRNAone floxdel allele. Mutant animals were bred on a mixed 129xC57Bl/6
hybridizations were performed on paraffin sections (Lickert et al.,background. PCR genotyping for the K19-Cre allele was performed
2001) or on whole-mount embryos of various developmental stages.using the primers K19-R2G (5-CCT GAC TAG ATT CAA GTT AAC
For whole-mount preparations, embryos were fixed in 4% paraform-TG-3) and PGKr (5-CTA AAG CGC ATG CTC CAG ACT-3). Amplifi-
aldehyde in PBS, dehydrated in methanol, and stored at 20C. Forcation (30 cycles of 10 s at 94C, 2 min at 58C, and 2 min at
hybridizations, embryos were processed as described (Lickert et72C) was performed in a 25 l reaction containing 10 pmol of each
al., 2001). Briefly, embryos were rehydrated in PBT (PBS plus 0.1%oligonucleotide, 0.5 U Taq polymerase (Eppendorf), 10 mM each of
Tween-20) and incubated with proteinase K (10 g/ml in PBT) for 1dNTPs, and 0.5–1 g genomic DNA. Different combinations of flox
min (E6.5), 2 min (E7.5), 3 min (E8.5), or 4 min (E9.5) at room tempera-and/or floxdel -catenin alleles were identified (see Figure 6A) by
ture. Digestion was stopped by washing with 2 mg/ml glycine inPCR using primers RM41 (5-AAG GTA GAG TGA TGA AAG TTG
PBT, and embryos were refixed in 4% paraformaldehyde with 0.2%TT-3), RM42 (5-CAC CAT GTC CTC TGT CTA TTC-3), and RM43
glutaraldehyde in PBT, washed in PBT, and hybridized overnight(5-TAC ACT ATT GAA TCA CAG GGA CTT-3), resulting in products
at 70C with 1 g/ml of digoxigenin-labeled riboprobe (Roche) inof 221 bp for the wild-type allele, 324 bp for the flox allele, and 500
hybridization solution (50% formamide, 5 SSC [pH 4.5], 1% SDS,bp for the floxdel allele (Brault et al., 2001). Amplification (30 cycles
50 g/ml yeast tRNA, and 50 g/ml heparin). Embryos were washedof 1 min at 94C, 1 min at 59C, and 1.5 min at 72C) was performed
three times in hybridization solution for 30 min at 70C, rinsed threein the same PCR reaction as described above.
times in TNT (10 mM Tris-HCl [pH 7.5], 0.5 M NaCl, and 0.1% Tween-
20) for 5 min each at room temperature, and incubated for 1 hr withES Cell Derivation, and Generation and Analysis
100 g/ml RNase A in TNT. After three washes in 50% formamide,of Chimeric Embryos
2 SSC (pH 4.5), 0.5 M NaCl, and 0.1% Tween-20 for 30 min atK19-Cre conditional -catenin mutant ES cells were isolated from
65C, followed by three washes in MAB (100 mM maleic acid [pHblastocysts derived from the mating scheme described above.
7.5], 150 mM NaCl, 2 mM levamisole, and 0.1% Tween-20) for 5 minBriefly, morulae were flushed and cultured overnight to the blasto-
at room temperature, samples were blocked for 2 hr in 10% sheepcyst stage, and the zona pellucida was removed by treatment with
serum in MAB/2% Roche blocking agent. Embryos were incubatedacid Tyrode’s solution. Each blastocyst was transferred to a four-
overnight at 4C with anti-digoxigenin alkaline phosphatase-cou-well plate (1 blastocyst/well) containing irradiated mouse embryonic
pled antibody (1:5000 diluted in MAB/2% Roche block/1% sheepfibroblasts, and cultured for 4–5 days in DMEM containing 20% fetal
serum plus 0.5 mg/ml mouse embryo powder). After extensive MABbovine serum, 0.001% -mercaptoethanol, 1000 U/ml Lif1 (GIBCO-
washing, the embryos were washed three times in NTMT (100 mMBRL), 1 MEM, 100 U/ml penicillin, 100 g/ml streptomycin, and 2
Tris-HCl [pH 9.5], 50 mM MgCl2, 100 mM NaCl, and 0.1% Tween-mM L-glutamine. The inner cell mass outgrowths were mechanically
20) for 5 min each, and stained with BM purple (Roche) at roomdissociated, trypsinized, and cultured until ES cell colonies develop-
temperature. Genotypes of embryos were determined by PCR, ased. For PCR genotyping, ES cell clones were subsequently grown
described above, before or after in situ hybridizations.without feeder layers and typed as described above.
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